This paper investigates a new technique for rapid replication of electroforming micromolds with integral microscreens. The process is based on injection molding or hot embossing of plastic replicates with integral metallic screens onto a LIGA-fabricated master microtool, to produce sacrificial electroforming molds in which the metallic screen acts as the conducting base and the plastic features provide insulating sidewalls for electrodeposition of the desired metallic micropart. A computational model is developed for the polymer flow during the fabrication of electroforming micromolds incorporating the temperature dependent, non-Newtonian rheology of the polymer melts. The model is used to analyze the effects of the process parameters and microfeature geometry on the polymer flow patterns. Copyright c 2010 by ASME
INTRODUCTION
Microfluidic devices have applications in a range of fields, including biotechnology, medcine and chemistry [1] . The volume of microfluidic products has a strong potential for development. Many research activites focus on the mass-production manufacturing of integrated microfluidic devices with relatively low costs. Micromolding of thermoplastic polymers is a promising process in development for producing low-cost microfluidic devices. Injection molding and hot embossing are among the most promising processes suitable for microfabrication.
LIGA is a German acronym for lithography, electroplating and molding that describes a manufacturing technology that can be used to create microstructures [2, 3] . X-ray LIGA uses xrays to create high aspect ratio structures while UV LIGA uses ultraviolet light to create structures with relatively low aspect ratios. A polymethylmethacrylate (PMMA) resist is exposed to synchrotron x-ray radiation through a gold mask with open areas that conform directly or inversely to the desired final micro features. The exposed areas are then dissolved by immersing the PMMA resist in a suitable developer bath. Eventually the deep prismatic cavities form on the resist with planar cross sections correponding to the open areas. The cavities are then electroplated to fabricate high aspect ratio metallic structures [4] .
The approach to fabricating electroformable micromolds was reported in literature [4, 5] . A metal microscreen is placed on the top of a microstamp. The resin is foced to flow through the holes of the screen and fill the microstamp cavities. An electroforming plastic mold is produced with insulating plastic features integrated with the metal screen after cooling and demolding. The objective of this study is to develop a full three-dimensional numerical simulation of the process to systematically investigate the effects of the process parameters, microfeature geometry and layout on the tool stamp on the polymer flow patterns and the fidelity of the replicated microfeatures. The development of the mathematical model is demonstrated in the following section, then, the filling process of PMMA in a specific geometry is investigated and the results on selected parametric effects are given and discussed.
MATHEMATICAL MODEL
In a typical replication process, a microscreen disk 72 mm in diameter is placed on the top of the microstamp fastened within the bottom mold base. PMMA melt with a uniform velocity distribution is forced on the top with a constant flow rate Q to flow through the holes in the microscreen and fill the micromold cavities. In this study, the microfeatures on the micromold are assumed to be periodically symmetric. Therefore, a small section, as shown in Fig. 1 , is used to simulate the PMMA flow in the whole micromolding setup. All the four sides are assumed to be symmetric planes. Different from the two-dimensional case, every cavity in the stamp connects the top cavity through at least one hole. Therefore, if the temperature and flow rate of PMMA melt are high enough, all the cavities in the stamp can be filled complete. In this study, the base of the LIGA stamp is maintained at a temperature, T w . Molten PMMA at temperature T in under constant flow rate Q is injected through the top cavity. The thickness of the leftmost wall of the base stamp is s and the thickness of the rightmost wall is W r , as shown in Fig. 2 . The width of the smaller cavities is w = 40 µm, so is the thickness of the walls between the cavities. As shown in Fig. 2(a) , the shaded part represents the microscreen, the white regions are the cavities and the black regions are the walls at the base stamp. It is clearly seen that every cavity in the stamp connects the top cavity through at least one cylindrical hole. All the holes have the same diameter, 160 µm. The holes are strictly arranged in the screen. The centers of the holes are in lines. The distance between two neighbour holes in a line is 160µm. The centers of every two neighbour holes at the lower array together with one neighbour hole at the upper array are vertices of an equilateral triangle, so are that of two neighbour holes at the upper array and one at the lower array. There- fore, the width of the mold L, which is the distance between two lines, is determined by two neighbour holes as about 277 µm. The width of the largest cavity is W L . In order to make all the sides to be symmetric planes, the sides are arranged to the centers of the holes. Both s and W r can be changed accordingly. As shown in Fig. 2(b) , the light shaded regions are the holes. There are two cavities have no connection with the holes on this side. The thickness of the top cavity is 125 µm. The thickness of the microscreen is also 125 µm. The height of the bottom cavities is H = 400 µm. The thickness between the cavity and the floor is 70 µm. In this study, there is no deformation in the microstructures. Therefore, the mesh used for flow simulation is fixed during the filling process. The numerical simulation consists of tracking the flow of molten PMMA as it fills the mold. The process involves coupled phenomena of heat transfer and fluid flow through cavities and holes. The pressure is initially at 1 atm in the cavities and holes, then the molten PMMA displaces air during the filling process. The governing conservation equations are formulated for the two fluid phases separately. Molten PMMA is treated as an incompressible fluid while air is compressible. The viscous dissipation is particularly significant in the polymer melt phase. The mass, momentum and energy equations for PMMA are:
where,
The equations for air are:
where
In the above equations, the non-Newtonian viscosity of PMMA is a function of temperature, T , and the shear rate,γ = D : D,
Here, the constants are obtained by fitting the data reported in the literature [6] , m = 0.11825 kg · s n−2 /m, T 0 = 6000 K and n = 0.3.
Once the velocity field is obtained, the interface between PMMA melt and air can be tracked using the volume of fluid method [7] as the filling progresses. The volume of fluid equations can be written as
where F = 1 denotes the PMMA region and F = 0 denotes the air region, and cells with 0 < F < 1 denote the interface.
The commercial CFD software FLUENT [8] is used to solve the coupled set of equations. The system governing equations are solved using a pressure-based, laminar, transient, segregated solver. The advection terms are discretized using a second-order upwind method. The pressure-velocity coupling is implemented using the PRESTO! scheme. The volume fraction is solved using modified HRIC scheme. The solution was time-marched using an first order implicit method. In this study, the viscosity of PMMA can be very high as using the non-Newtonian model above. FLUENT uses finite volume method to solve the mass transfer equations, thus, it is difficult to apply to problems with extremely high viscosity. Therefore, the solidification/melting module is employed to deal with this challenging problem using an enthalpy-porosity technique [8] . The liquid fraction is computed at each iteration based on enthalpy balance. PMMA above the liquidus temperature T liq = 393 K is homogeneous liquid and below the solidus temperature T sol = 378 K completely solidifies. When PMMA solidifies, the flow stops immediately; while PMMA becomes homogeneous liquid, the above governing equations can well approximate the real flow. Within that gap between the liquidus and solidus temperatures, PMMA consists of solid and liquid phases simultaneously. The liquid fraction is between 0 and 1 in this region. This mushy zone is modeled as a "pseudo" porous medium and the porosity decreases from 1 to 0 as PMMA solidifies. When PMMA has fully solidified, the porosity becomes zero and the velocities drop to zero.
One concern in micromolding is the stress that occur on the microfeature walls on the tool stamp due to the fluid pressure as the molten polymer fills the microcaivity. To this end the fluid pressure on the walls during filling is used to estimate the max stress on the microcaivity walls. The maximum principal stress theory is approximately correct for cast iron and brittle materials generally. According to this theory, failure occurs when the maximum principal stress in a system reaches the value of the maximum stress at elastic limit in simple tension. This criterion allows for a quick and easy comparison with experimental data and provides a qualitative trend similar to the von Mises yield criterion.
The numerical model demonstrated in this section is used to conduct parametric studies, and the results are reported in the following section.
RESULTS AND DISCUSSION
The solution of the governing equations of PMMA flow yields the mold filling. The fill time is known a priori with given the volume of open region in the microstamp and microscreen and injection flow rate. The maximum principal stress on the walls between the cavities during the process is of interest. The simulations are carried out to examine the effects of the mold wall temperature T w , the PMMA inlet temperature T in , the inlet flow rate Q and the width of the largest cavity in the stamp W L on the filling process. Figure 3 shows snapshots of the PMMA flow front on the front plane at various times during the filling process. The dark region represents PMMA and the light region represents the air. In this case, PMMA is injected from the top uniformly with a constant velocity, about 0.011 m/s, corresponding to Q = 45 cc/s. The PMMA inlet temperature is T in = 516 K. The mold wall temperature is T w = 361 K. The thickness of the leftmost wall is s = 20 µm and the width of the largest cavity is W L = 200 µm. As shown in Fig. 3 , PMMA uniformly goes down at the begining of filling, thus the PMMA front is almost a horizontal straight line on the front plane, as shown in Fig. 3(a) . Then it flows through the holes, as shown in Fig. 3(b) . Before the holes are filled complete, some PMMA gets into the cavities at t = 0.013 s, as shown in Fig. 3(c) . When the holes are filled complete, PMMA fills the largest cavity first, as shown in Figs. 3(d) and (e). After the big cavity is filled complete, PMMA starts to fill the middle small cavity, as shown in Fig. 3(f) , then fills the left small cavity, as shown in Fig. 3(g) and finally fills the right small cavity, as shown in Fig. 3(h) . All of the cavities are filled complete on the front plane at the end of the filling process. By the estimation of the volume of cavities and holes, the final filling time is about t = 0.03212 s when all the places are filled complete. In some other cases, the fill can be incomplete because PMMA can solidify at the corners of cavities and near the walls because the mold wall temperature T w is usually much lower than the solidus temperature T sol . The final time when the flow stops can be used to present the fidelity of the final product.
When pressure distribution on the walls are obtained in the flow field, it can be used to compute the maximum principal stress on the walls between the cavities. At every time step, the principal stress is computed by static analysis. As shown in Fig. 4 , the maximum principal stress on the walls increases as the flow progresses into the mold, then decreases at the end of the filling process because the pressure distribution becomes equal on the sides of the walls. The largest maximum principal stress appears on the right wall, which is next to the largest cavity, during the filling process. The value can be as high as 20 GPa, as shown in Fig. 4 . Immediately after the complete filling of the largest cavity, at around t = 0.025 s, the principal stress on the right wall increases dramatically faster than that before the complete filling of the largest cavity. At around t = 0.027 s, the principal stress on the right wall reaches its first peak. After the middle small cavity is completely filled and in the process of filling in the other two small cavities, the principal stress on the left and middle walls increases much faster than before. There is only one peak in the evolution of the principal stress on the left and middle walls. They reach their peaks at about the same time, t ≈ 0.030 s for the left wall and t ≈ 0.031 s for the middle wall, respectively. The peak values are much less than that on the right wall. As seen in Fig. 4 , the principal stress on the right wall decreases a little after t ≈ 0.027 s, then increases again. The principal stress on the right wall aslo reaches its second peak at t ≈ 0.030 s. Then because the pressure tends to balance on the sides of the walls, the principal decreases after complete filling of the cavities. The effect of the mold wall temperature T w on the variation with time of the principal stress on the walls between the cavities is presented in Fig. 5 , for a PMMA inlet temperature T in = 516 K, inlet flow rate Q = 45 cc/s and width of the largest cavity W L = 200 µm. When the mold temperature T w is low, PMMA tends to solidify. Therefore, as seen in Fig. 5(a) , the filling process for T w = 338 K stops at around t = 0.025 s, which is much earlier before the complete filling time t = 0.03212 s. Figure 6 shows the PMMA flow front on the front and back planes when the flow stops. It is clear that the filling is complete in the largest cavity, however, only very small potion of the small cavities are filled. As shown in Fig. 7 , the dark region represents solid state. Solid PMMA appears at the boundaries and the corners. More importantly, PMMA becomes solid in the small cavities. The reason is that the mold wall temperature is so low and the heat transfer is so fast that PMMA solidifies as soon as it gets into the small cavities. Thus, the solid PMMA blocks the flow and the filling process cannot progress any more. The filling fidelity is poor. Meanwhile, the pressure is not so large in the flow yet, and thus the principal stress is so small that no failure happens in the microfeatures. As T w increases, the filling process becomes easier. When T w = 373 K, all the cavities are filled completely at the end of the process. The trend of the principal stress on the walls is similar to the base case, T w = 361 K. However, the first peak of the principal stress on the right wall, which appears at t ≈ 0.027 s, is the maximum during the filling process on all the walls, as shown in Fig. 5(b) . Then, the second peak appears at t ≈ 0.029 s and is much less than the first peak. Then, a third peak Solidification of PMMA on the front and back planes when the flow stops at T w = 338 K appears at t ≈ 0.031 s and the value is a little less than the first peak. After that, the principal stress decreases dramatically. The peak of the principal stress on the left wall appears at t ≈ 0.030 s. While the peak of the principal stress on the middle wall appears at t ≈ 0.031 s and the value is larger than the third peak of that on the right wall and less than the first peak of that on the right wall. At the end of the filling process, the principal stress on all the walls decreases to zero as expected. Figure 8 shows the influence of the PMMA inlet temperature T in on the principal stress on the walls variant with time during the process. The results correspond to a mold wall temperature T w = 361 K, inlet flow rate Q = 45 cc/s and width of the largest cavity W L = 200 µm. As shown in Fig. 8 , all the cavities are filled completely at the end of the process between the range of 496 K ≤ T in ≤ 536 K. When T in = 496 K, the first peak on the right wall appears at t ≈ 0.027 s. The value is about 43 GPa, much higher than that at T in = 516 K. Then, the second peak appears at t ≈ 0.029 s and the third peak appears at t ≈ 0.031 s. The peak on the left wall appears at the same time as that the second peak appears on the right wall while the peak on the middle wall appears at the same time as that the third peak appears on the right wall. Both the values are smaller than that on the corresponding values on the right wall. When T in = 536 K, the maximum principal stress is around 15 GPa, which less than that at T in = 516 K. However, the maximum appears on the middle wall. There is only one peak on each wall. The peak on the right wall appears a little earlier than that on the other two walls, then the peak on the left wall appears, then the principal stress on the middle wall reaches the maximum. After that, the principal stess decreases to zero.
The influence of the inlet flow rate Q on the variation with time of the principal stress on the walls is then investigated and the results are shown in Fig. 9 , for a mold wall temperature T w = 361 K, PMMA inlet temperature T in = 516 K, and width of the largest cavity W L = 200 µm. The complete filling time for Q = 15 cc/s is about t = 0.09636 s while that for Q = 30 cc/s is It is expected that the higher flow rate gives better quality of the filling fidelity and leads to less possibility of failure. In this study, all the cavities are filled completely at the end when the inlet flow rate is no less than Q = 15 cc/s. However, when Q = 15 cc/s, the principal stress on the walls can be as high as about 47 GPa, as shown in Fig. 9(a) , which is much higher than that in the case Q = 45 cc/s. The reason is that when the flow rate is small, heat transfer is sufficient and thus the temperature of the PMMA becomes low. Therefore, the viscosity becomes high and so as the principal stress on the walls. There are three peaks in the evolution of the principal stress on the right wall. The first peak appears at t ≈ 0.077 s, the second appears at t ≈ 0.085 s and the third appears at t ≈ 0.091 s. There is only one peak on the other two walls. The peak on the left wall appears a little earlier than that the second peak appears on the right wall, while the peak on the middle wall appears at the same time as that the third peak appears on the right wall. Both values are much less than that on the right wall. As shown in Fig. 9(b) , when Q = 30 cc/s, the phenomena are a little different. The maximum of the principal stress appears at the second peak on the right wall. The peak on the left wall appears at the same time as that the second peak appears on the right wall, while the values are almost the same. The simulations presented so far show that the inlet flow rate Q has the most effect on the variant of principal stress on the walls between the cavities with time during the filling process, followed by the PMMA inlet temperature T in and the mold wall temperature T w . The mold wall temperature T w has the most effect on the filling fidelity.
The width of the largest cavity W L also has important effects on the variation of the principal stress on the walls between Fig. 10 corresponding to a mold wall temperature T w = 361 K, PMMA inlet temperature T in = 516 K, and inlet flow rate Q = 45 cc/s. The complete filling time for W L = 400 µm is about t = 0.03364 s while that for W L = 800 µm is about t = 0.4008 s. As noticed in Fig. 10(a) , the (b) (a) Fig. 12 : Solidification of PMMA on the front and back planes when the flow stops at W L = 800 µm filling process is complete in the case W L = 400 µm. However, the evolution of the principal stress has only two peaks on the right wall, while has one peak on each of the other two walls. The first peak on the right wall appears earlier than the peaks appear on the other walls. The peak on the middle wall appears at the same time as that a valley appears on the right wall. The peak on the left wall then appears at the same time as that the second peak appears on the right wall. The maximum principal stress occurs on the middle wall and the value is about 12 GPa, which is much less than that in the case W L = 200 µm. When W L = 800 µm, the flow stops at t ≈ 0.036 s and the fill is incomplete. The principal stress increases to about 5 GPa on the right wall, while nearly zero on the other two walls, as shown in Fig. 10(b) . The reason might be that the largest cavity is so big, that it takes much longer to fill complete. During the time of filling in the largest cavity, much heat losses at the small cavities and in the connections between holes and cavities and PMMA starts to solidify and therefore block the flow. Similar to the case T w = 338 K and W L = 200 µm, as shown in Fig. 11 , when the flow stops, the largest cavity is filled completely, however, only a very small potion of the other cavities are filled. Thus, the principal stress increases on the right wall. As shown in Fig. 12 , solid appears at some boundaries and corners, especially in the small cavities. As noticed in Figs. 11 and 12, solid PMMA in the small cavities locates the same as the PMMA front, thus, full blockage is produced and the flow stops.
CONCLUSIONS
A numerical simulation of microfabrication process of electroforming molds with integral metallic microscreen is presented. The studies show that the principal stress increases with time and then decreases at the end of the filling process. In some cases, full blockage is produced in the small cavities because PMMA solidifies due to heat transfer and thus the flow stops and the filling process is incomplete. In most cases, the peak of the principal stress appears earlier on the wall next to the largest cavity than all other walls because the largest cavity tends to be filled first. The mold wall temperature, the PMMA inlet temperature and the inlet flow rate all have important effects on the fidelity of the final product. The microfeatures in the mold were shown to
